Understanding how genetic variation is maintained begins with a comprehensive description of what types of genetic variation exist, the extent and magnitude of the variation, and patterns discernable in that variation. However, such studies have focused primarily on DNA sequence data and have ignored genetic variation at other hierarchical levels of genetic information. Microarray technology permits an examination of genetic variation at the level of mRNA abundance. Utilizing a round-robin design, we present a quantitative description of variation in mRNA abundance in terms of GCA (general combining ability or additive variance). We test whether genes significant for GCA are randomly distributed across chromosomes and use a nonparametric approach to demonstrate that the magnitude of the variation is not random for GCA. We find that there is a paucity of genes significant for GCA on the X relative to the autosomes. The overall magnitude of the effects for GCA on the X tends to be lower than that on the autosomes and is contributed by rare alleles of larger effect. Due to male hemizygosity, GCA for X-linked phenotypes must be due to trans-acting factors, while GCA for autosomal phenotypes may be due to cis-or trans-acting factors. The contrast in the amount of variation between the X and the autosomes suggests that both cis and trans factors contribute to variation for expression in D. simulans with the preponderance of effects being trans. This nonrandom patterning of genetic variation in gene expression data with respect to chromosomal context may be due to hemizygosity in the male.
S
TUDIES describing and quantifying genetic variascope. Here we present a systematic study of variation in levels of mRNA in males of Drosophila simulans using tion, and putting it in an evolutionary context, have a rich history, beginning with pioneering investigations a round-robin breeding design, which allows us to make inferences about additivity and epistatic variation in of protein variation almost 40 years ago (Harris 1966; Hubby and Lewontin 1966; . mRNA abundance. Gene expression studies have identified genes whose This work suggested that widespread overdominance was not the major force maintaining genetic variation and expression varies among individuals Oleksiak et al. 2002) . However, the genetic archiwas criticized as incomplete, because only a fraction of tecture of the phenotype of gene expression remains to the variation present in a DNA sequence can be detected be described, particularly whether or not expression exon a protein gel. Subsequently, an intensive examinahibits quantifiable additive genetic variation. To undertion of genetic variation at the sequence level ensued, stand the genetic architecture of gene expression, a conincluding development of statistical tests of neutrality trolled crossing scheme is used, where the specific mating (Hudson et al. 1987) . While these studies have demondesign allows for estimation and testing of inferences strated large amounts of variation and the pervasiveabout the underlying genetic architecture of the phenoness of selection, they have raised additional questions, type of interest. With this in mind, we modified a classical namely how selective events shape DNA sequence variaquantitative genetic breeding design: the diallel (Griffing tion (Andolfatto 2001) . Moreover, a complete picture 1956a,b) . Diallel designs can generate empirical estimates of genetic variation includes far more than sequence of general combining ability (GCA) and specific comvariation, but should span hierarchical levels of genetic bining ability (SCA). SCA is not considered further here, information systems. Recently, descriptions of variation as it cannot be independently estimated for our modiin abundance and distribution of mRNA have been pified diallel crossing design. GCA is equivalent to breedoneered (Jin et al. 2001; Arbeitman et al. 2002;  Ranz ing value. GCA is a description of a genotype 's perforet al. 2003; Rifkin et al. 2003) , but due to the expense mance as a parent relative to the other genotypes within of such studies, they have necessarily been limited in the set and is expressed as a deviation from the overall mean of parents in the set. In general GCA may be thought of as an approximation of additive genetic vari-
. (Lynch and
Walsh also find that the magnitude of GCA is different depending on chromosomal context, by using a nonpara-1998). Accordingly, diallels may be used to obtain an upper estimate for heritability, by making the simplimetric approach that is analogous to the tests utilizing frequency distributions of sequence polymorphisms (Fu fying assumption that additive-by-additive epistasis is negligible relative to additive variation. and Li 1993; Fu 1996; Tajima et al. 1998) . We consider this a first step in trying to develop hypotheses and tests Full diallels have the disadvantage of being labor and resource intensive, because the number of crosses to be around inheritance of expression variation. assayed equals the number of parents squared. This is why we chose a partial diallel design (Kempthorne and 
MATERIALS AND METHODS
Curnow 1961; Lynch and Walsh 1998). In partial diallel designs, better estimates of GCA will result when the Drosophila lines: The parental stocks of D. simulans were obtained from flies caught in Wolfskill orchard (Winters, CA) number of parental lines is maximized (Lynch and and were subjected to full-sib mating for 25-29 generations Walsh 1998). In this study, for instance, we had availto create nearly homozygous stocks. The 10 parental stocks able resources for 30 microarray hybridizations. As three (randomly sampled and independently derived from a large replicates per genotype is a minimum for array analysis natural reference population) were crossed together in 10 combinations to create heterozygous lines such that each par- (Black and Doerge 2002) , this allows selection of 10 ent was present twice, once as a dam and once as a sire. Crosses genotypes. We elected to perform a one-way round- by descent in relation to the reference population correlation among replicates from different vials, confirming that differences among individual flies and technical error of (Lynch and Walsh 1998) . Therefore, if we see coexthe array experiment, rather than differences among vials, pression of an X-linked gene between genotypes sharing accounted for most of the residual variation.
autosomes, it must be due to trans effects of autosomal Microarrays and image analysis: Total RNA was extracted genes on the transcript level of the focal X chromosome from whole carcasses of adult males, aged 4-7 days posteclogene. Similarly, the coexpression of an autosomal gene sion, and labeled according to Affymetrix protocols. Affymetrix Drosophila Genechips were used for the hybridizations. might be due to trans effects of other autosomal genes.
Data were quantified using Affymetrix MAS5 software. HybridHowever, the focal gene transcript level might also be izations and data quantification were conducted by the Univeraffected by its own structure, i.e., by alterations in gene sity of California, Davis, Genomics Core Facility. Average difpromoter, introns, or variations on RNA stability (cis ference values for each chip were normalized to the chip effects). As those are shared between genotypes sharing median and then log transformed. There were 6080 genes considered "absent" for all hybridizations; these were excluded autosomes, such cis variation will also contribute to coexfrom all analyses. Chip primers were designed on the basis of pression of an autosomal focal gene. detected on the X relative to the autosomes. We find simulans has not resulted in consistent reduction in expression that there is a significant reduction in GCA on X, as level (Nuzhdin et al. 2004) . We cannot absolutely argue that sequence variation contributes to estimated variation in expredicted by the biological interpretations of GCA. We pression level. However, it is unlikely that sequence divergence
For genes found to have significant GCA overall, parental stock-specific estimates of GCA were calculated. The parental between D. melanogaster and D. simulans is contributing to genetic variation in D. simulans. Furthermore, cross-species hybridstock-specific estimates were calculated as ((n Ϫ 1)/(n Ϫ 2)) (A Ϫ x), where n is the number of parents, A is the mean of izations have been shown to be reproducible in more distantly related species (Moody et al. 2002) .
the crosses for that parent divided by n Ϫ 1, and x is the mean of all crosses (Falconer and Mackay 1996) . To test whether Statistical analysis: The mRNA expression of each gene was analyzed using an ANOVA approach tailored to the roundthe size of the parental stock-specific effects was the same across the X and the autosome, we used a nonparametric robin partial diallel design. Griffing (1956a,b) proposed the following analysis of variance (ANOVA) model to partition approach. We put the effect estimates in rank order, without regard to the chromosomal context. We then divided the the total mean square from a diallel design into GCA mean squares (g i , g j ), SCA mean squares (s ij ), and reciprocal mean ordered estimates into three equal groups, or tertiles. We looked at association between chromosomal context and effect squares (r ij ): y ijk ϭ ϩ g i ϩ g j ϩ s ij ϩ r ij ϩ ε ijk . Without reciprocal crosses, or specific combining ability, this model reduces to size by examining the distribution of the effects in each tertile across the two classes of chromosomes, X and autosome. The y ijk ϭ ϩ g i ϩ g j ϩ ε ijk (Griffing 1956a,b; Cockerham and Weir 1977) .
null hypothesis that effect size is independent from the chromosomal context would result in an even distribution across Accordingly we used the ANOVA model y ijk ϭ ϩ GCA ij ϩ ε ijk , where y ijk is the estimated gene expression for the kth the tertiles for both the X and the autosomes. A chi-square test was used to evaluate this null hypothesis. replicate for the cross between parents i and j, is the overall mean, GCA ij is a matrix of indicator variables for the parents,
To examine whether the size of the effect (parental stockspecific estimate) was associated with the parental lines, we and ε ijk is the error term. We tested for significant GCA effects with the F ratio MS GCA /MS ε . For each test we used a nominal used a nonparametric approach for the X and the autosomes separately. We took all the estimates for the X chromosome, significance level of 0.01. Variance components were estimated using a restricted maximum-likelihood approach, for and ranked them from smallest to largest. We then divided the estimates into three equal groups (tertiles). We then examined models where the null hypothesis of GCA equals zero was rejected.
whether the distribution of estimates across the tertiles was associated with the parental line using a chi-square test. We We tested whether the number of rejections we observed was due to chance alone using a permutation test (Edgington repeated this procedure for the autosomes. All analyses were conducted in SAS v 8.2; SAS code for these analyses is available 1995; Good 2000). We permuted the cross designation (line numbers) relative to the arrays 1000 times to generate a distriupon request to L.M.M. bution of values for expression that were random with respect to the line. For each permuted data set, we reanalyzed the data using the ANOVA methods described above and then RESULTS counted the number of tests for GCA that exceeded the nominal 0.01 type I error rate. We then estimated the probability We describe whole-genome genetic architecture of of having significant tests that were equal to or more than expression variation in D. simulans by considering gene what we observed by dividing the number of permuted data expression levels as phenotypes. Transcript levels were sets obtained with at least that number of significant outcomes evaluated in RNA samples extracted from F 1 adult males by 1000. We also computed the false discovery rate for this of 10 heterozygous lines from a round-robin mating design nominal P-value (Benjamini and Hochberg 1995) . We compared the proportion of genes significant for GCA between (see Figure 1) . Three replicate hybridizations of each gethe X chromosome and the autosomes, using a null hypothesis notype were performed (see materials and methods), to members of a population, i.e., the deviation of the al. 1991), and thus less expression variation is expected to be caused by cis-acting mutations on the fourth chromosome. This prediction could not be tested effectively because of the small number of genes from the fourth cant for GCA, depending on the genes' chromosomal context. As explained in the Introduction, GCA for the X-linked genes is expected to be lower than that for the autosomes, because GCA for the autosomes includes cis set of all F 1 progeny from the population mean due to and trans effects, while GCA for the X-linked genes is their sharing one parent of a certain genotype, while expected to include only trans effects (Figure 2 ). We their other parents are chosen from the population at compared the proportion of genes significant for GCA random. Thus, GCA is equivalent to the breeding value between the X chromosome and the autosomes (comand may be thought of as an approximation of additive bined 2 and 3), using a null hypothesis of equal proporgenetic variation. If parental alleles are purely additive, tions, and tested this hypothesis using a 2 test with 1 then an F 1 genotype will deviate from the population d.f. (see Table 1 ). The proportion of genes significant mean by the sum of the GCAs of its parents and due to for GCA on the X is underrepresented relative to the environmental or error effects. Any additional deviation autosomes (6.8 vs. 8.7%, respectively; P Ͻ 0.03973). from the population mean is attributable either to domiWe estimated heritability for expression for all autosonance, i.e., intralocus interactions, of alleles or to epistamal and X-linked genes with significant GCA (660 out sis, i.e., interlocus interactions. These deviations cannot of 7886; see materials and methods). Note that GCA be independently estimated with a round-robin design.
is composed of not only additive variation, but also adOf the 7886 informative features, 663 genes had signifiditive-by-additive interactions. For genes that do have cant GCA (P Ͻ 0.01; significance testing by ANOVA is significant variation for expression, the estimates for described in materials and methods). All genes with heritability are high, with a median of 0.47 and an intersignificant GCA are presented in the Supplementary quartile range of 0.39-0.60. This is on the order of Table at http://www.genetics.org/supplemental/.
heritabilities for morphological traits (Houle et al. 1996) . The false discovery rate (FDR), or percentage of genes Heritability estimates are not different between genes with significant results that are expected to be false on the X and genes on the autosome (P Ͼ 0.5), indicatpositives, was found to be 0.11 for the test of GCA with ing that while it is less likely for genes to have significant nominal significance level of 0.01. Consistent with this GCA on the X, estimates of heritability are comparable finding, the number of genes found with significant between the X and the autosomes given the presence GCA was greater than that expected by chance alone, as of GCA. determined by permutation (see materials and methWe used a nonparametric rank order comparison to ods; probability of observing 660 or more rejections for test whether the parental stock estimates for GCA dif-GCA, P Ͻ 0.001).
fered in the distribution between the X and the autoThere is ample evidence that the fourth chromosome somes, using a nonparametric test of trend. The estimates has markedly reduced genetic variation relative to the autosomes due to its lack of recombination (Berry et for GCA were rank ordered, irrespective of chromo- than for X-linked loci, while a few lines with large effects tended to contribute to estimates of GCA for X-linked
The overall distribution of the size of the parental genes, suggesting that alleles were generally rare for stock-specific estimates (GCA) differs between the X expression variation on the X (see Table 3 ). genes, 663 had significant additive genetic variation for
The columns under GCA indicate the tertile (first, second, expression, while we expected 5% to be significant due or third).
to chance alone (394). Likewise, the probability of observing Ͼ660 significant tests by chance alone was determined by permutation to be P Ͻ 0.001. These results are typical for experiments in Drosophila, where 10% somal context, and then divided into three equal groups of genes show significant variation for expression among (tertiles): low, containing 0-33% of the values; medium, lines (Jin et al. 2001; Nuzhdin et al. 2004) . We estimated containing 33-67% of the values, including the median genetic variation as GCA. value; and high, containing the top 67-100% of the What are the sources of genetic variation for expresvalues. We found that the values of GCA were distributed sion? Genetic variation for transcript level could be due differently across chromosomes, such that individual to either cis-or trans-acting factors. A gene might contain alleles on the X tended to have less extreme values for a mutation in its cis-regulatory region, and/or the amount GCA than did the autosomes (Table 2 , P Ͻ 0.0021).
or activity of trans-regulating factors controlling its exDifference in the magnitude of estimates of GCA could pression might vary. Additionally, if expression level is be due to either the number of lines contributing to tissue specific, genetic variation in organ size would be the estimate or the effect size of those lines. To examine detected in this experiment as genetic variation in the whether all parental stocks had the same distribution transcript amount. Finally, due to heterochrony between of effect sizes with respect to chromosomal context, we genotypes, organisms of the same age might be at differcalculated the GCA effect for each parental stock sepaent developmental stages. Thus, genetic variation for rately for X and autosomal loci. We then used the nonexpression may have multiple underlying mechanisms. parametric trend test as described in materials and
Genes should on average be affected by the organ size methods to test whether these effects were evenly disor heterochrony to the same degree whether they are tributed across the chromosomes. We found that more lines contribute to the estimates of GCA for autosomal autosomal or sex linked. However, we expect chromo- The within-lines distribution of the GCA effects varies, with some lines exhibiting overall low values for GCA (i.e., Sim 11, 37, and 43) and others overall high values for GCA (i.e., Sim 61, 77, and 85). somal context to be relevant to the amount of genetic the genes on the X chromosome may be, but need not be, due to such interactions. Consider the following variation, whether due to variation in cis-or trans-acting factors.
situation in which molecular interlocus interactions occur in the absence of quantitative genetic epistasis: asGiven the different interpretations of GCA for the X and the autosomes, how do cis and trans effects contribute sume that all the X chromosomes in the experiment are identical, but there is variation among the genes at to these quantities? Cis modifiers of expression should contribute to GCA for the genes on the autosomes, but the autosomal loci. One may still observe variation in X-linked gene expression levels because of the trans generally will not contribute to variation for the genes situated on the X, because each X chromosome is preseffects. This is due to the additive effects of the transcription factors on the autosomes, as measured by the exent only once in the experiment. Contribution of trans modifiers of expression to GCA depends on their chropression phenotypes of X chromosome genes. The X chromosome genes themselves are not the genetic basis mosomal positions (X chromosome vs. autosomes). The positions of modifiers are unknown. However, in Sacof the phenomenon in this example because there is no genetic variation at these loci and thus no epistasis charomyces cerevisiae the positions of modifiers and modified genes are not correlated  Yvert in the quantitative genetic sense. In the experiment conducted here, as we cannot explicitly demonstrate differet al. 2003) . If contributions of trans modifiers are similar on average for genes situated on the X chromosome and ences between the X chromosomes, it is molecular interlocus interaction effects that are being observed. autosomes, then if genes on the X chromosome showed no GCA for expression variation, we would conclude Hereafter, we refer to these phenomena as autosomal trans effects on the X chromosome. that most, if not all, expression variation is accounted for by cis effects. If GCAs were equally frequent between Genes with a pattern of autosomal trans effects on X chromosome expression are particularly interesting to chromosomes, we would conclude that most, if not all, expression variation is accounted for by trans effects.
evolutionary biologists, as these are loci that would be consistent with the Dobzhansky-Muller models of speciaOur data show that the proportion of genes significant for GCA on the X is 6.8%, while on the autosomes tion and would also be loci that would behave in a manner consistent with Haldane's rule. Thus, such loci it is 8.7% (Table 1) . This is consistent with cis effects having minor but significant contribution to variation are likely to be involved in speciation. Of the 79 genes with significant GCA on the X, 28 have been identified in expression level in Drosophila and with trans effects being more important. A preponderance of trans effects by other investigators as having anomalously fast interspecific evolution for expression (Ranz et al. 2003 ; Rifwith secondary effects of cis contributions is consistent with the findings in S. cerevisiae, where at most 30% of kin et al. 2003) . Of the remaining 51 genes, 9 genes are logical candidates for speciation because of their function: variation in expression level was accounted for by cis modifiers (Yvert et al. 2003) . Interestingly, when we look three genes related to behavior [bss (Kulkarni et al. 1988 ), Ork1 (Nitabach et al. 2002 , and CG15447 (Claridgeat the effects by line and chromosome it is apparent that some lines exhibit mostly large effects (Sim 61, 77, 85) Chang et al. 2001)]; three genes related to immune function (CG6067, Ag5r2, and EG:BAC25B3); one gene on expression, while other lines (Sim 11, 37, 43) show correspondingly mostly low effects for both X and aufrom the fast-evolving cytochrome p450 family, cyp4d1; one gene with a paralog recently retrotransposed from tosomal effects. Whether or not patterns between lines are explained by common transcriptional control (trans the X, CanB (Betran et al. 2002) ; and one gene identified as a candidate for genital morphology differences effects) remains to be tested. Additionally, there are fewer genes with large (third tertile) parental stock-specific between D. mauritiana and D. sechellia, scully (Macdonald and Goldstein 1999). Thus of the 79 genes with effects on the X compared to the autosomes (Table 2) . Since cis effects are not detectable on the X, and we find potential autosomal trans effects on X chromosome expression, 37 have independent evidence of being fast that effects on the autosomes are overall larger than effects on the X, one possible interpretation is that cis evolving and therefore are likely to be involved in speciation. Of the remaining 42 genes, we identified 11 addieffects may be larger than trans effects (Meiklejohn et al. 2003) .
tional genes as having exceptional evolution for expression between species in a companion article (Nuzhdin Before proceeding further, we must make a clear distinction between interactions among genes in the quantiet al. 2004 ). All 79 of these genes, including the 48 with evidence for speciation, are presented in the Suppletative genetic sense (epistasis, Mackay 2001) and interactions among gene regulatory regions and transcription mentary Table (column O) . There is ample theory predicting faster fixation of factors in molecular genetic networks (molecular interlocus interaction effects). In the quantitative genetic advantageous alleles for the X. In addition, there are now multiple lines of empirical evidence that the X has sense, epistasis is an interaction between the effects of alleles at two or more distinct loci, as exhibited by a experienced multiple selective sweeps caused by fixation of beneficial, recessive alleles. For example, though different phenotype from that expected from the individual effects of these alleles. Expression variation for overall differences between k a and k s (the amino acid and
